Abstract: MicroRNAs (miRNAs) play an important role in cancer development and progression, altering several biological functions by affecting targets through either degradation of mRNAs or suppression of protein translation. One such miRNA, miR-1247, is downregulated in various cancers, but its biological role in non-small-cell lung cancer (NSCLC) is unknown. This study found that the expression of miR-1247 was significantly reduced in NSCLC cell lines and tumor tissues compared with matched normal lung tissues and cell lines as a result of DNA hypermethylation. Overexpression of miR-1247 or demethylation by 5-azacytidine (5-Aza) treatment dramatically inhibited cell growth, migration, invasion, and cell cycle progression. Furthermore, Stathmin 1 (STMN1) was found to be an immediate and functional target of miR-1247. The expression of STMN1 was significantly increased in NSCLC cell lines but was decreased by 5-Aza treatment. In addition, miR-1247 upregulation partially inhibited STMN1-induced promotion of migration and invasion of A549 and H1299 cells. The results suggest that miR-1247 was silenced by DNA methylation. MiR-1247 and its downstream target gene STMN1 may therefore be a future target for the treatment of NSCLC.
Introduction
Non-small-cell lung cancer (NSCLC) is one of the leading causes of cancer deaths and is the predominant form of lung cancer worldwide. 1, 2 Although there has been great progress in the diagnosis and treatment of NSCLC, many patients still have poor prognosis with ,5 years of overall survival. [3] [4] [5] Therefore, urgent exploration of NSCLC tumorigenesis is vital to improve diagnosis and treatment.
MicroRNAs (miRNAs) are a class of short (~22 nt), non-coding, regulatory RNAs involved in multiple biological processes, including cell invasion, metastasis, angiogenesis, and apoptosis. 6 Accumulating evidence has shown that .50% of miRNA genes are situated in fragile sites and are involved in tumor pathogenesis, including NSCLC. [7] [8] [9] MiR-1247 has previously been identified to be downregulated in prostate cancer, pancreatic cancer, and osteosarcoma. [10] [11] [12] [13] Upregulation of miR-1247 inhibited cell proliferation and metastasis in pancreatic cancer and was therefore recognized as a tumor suppressor. 10 Moreover, the expression of miR-1247 has been found to be decreased in osteosarcoma cancer stem cells and influences human osteosarcoma oncogenesis by the regulation of MAP3K9. 11 Furthermore, miR-1247 was found to be downregulated in lung adenocarcinoma and squamous carcinoma cancer tissue compared with normal tissues. 14 Yet the function and mechanism of miR-1247 in submit your manuscript | www.dovepress.com
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Zhang et al NSCLC has rarely been explored. Stathmin 1 (STMN1), a major microtubule-depolymerizing protein, serves as a prognostic marker for multiple cancers, including NSCLC, 15 gallbladder carcinoma, 16 and colon cancer. 17 STMN1 has been found to destabilize microtubules and plays an important role in the regulation of cell cycle progression and tumor metastasis. 18, 19 DNA methylation silences the expression of some miRNAs and is thought to be another form of diagnostic biomarker and target for cancer therapy. [20] [21] [22] [23] For example, overexpression of miRNA-503 mediated by DNA methylation inhibited the expression of FANCA, which regulates the resistance of NSCLC cells to cisplatin. 22 MiR-148 was found to be downregulated by DNA methylation in skin cancer, which promoted metastasis by targeting TGIF2. 23 Methylation of miR-1247 was reported to be related to epithelialmesenchymal transition (EMT) in ulcerative colitis. 24 Given these findings, it was speculated that miR-1247 may have some function in NSCLC through DNA methylation, a previously uninvestigated question. Therefore, this study was designed to investigate DNA methylation in relation to miR-1247 in NSCLC tissues and cell lines. In addition, this study analyzed changes in apoptosis, migration, and invasion ability after miR-1247 overexpression or demethylation with 5-azacytidine (5-Aza) in NSCLC cell lines. Furthermore, the relationship between miR-1247 and STMN1 in NSCLC was investigated. Finally, miR-1247 was examined for its involvement in inhibiting the accelerating effects of STMN1-induced regulation. This research may suggest a novel approach for the treatment of NSCLC in the future.
Methods cell culture and transfection
HBE, A549, H460, and H1299 cell lines, kindly provided by Cell Bank, Chinese Academy of Sciences (Shanghai, People's Republic of China), were maintained in RPMI-1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (Thermo Fisher Scientific) in humidified 5% CO 2 at 37°C.
The cells were cultured in 6-well plates (5×10 5 cells/ well) for 24 h and then exposed to 5 μmol/L 5-Aza (Sigma, St Louis, MO, USA) for 72 h. The cells were collected for quantitative real-time polymerase chain reaction (qRT-PCR).
H1299 and A549 cells were transfected with negative control (NC) or miR-1247 mimics (HmiR0610, Funeng, Guangzhou, People's Republic of China) using Lip2000 (Thermo Fisher Scientific) for 48 h. A group of cells (5-Aza group) were treated with 5 μmol/L of 5-Aza for 48 h. All the cells were examined for the ability to invade and metastasize by Western blot and methylation-specific PCR (MSP).
Tissues
Human NSCLC and normal lung tissues were acquired from a cancer hospital. The samples were fresh-frozen and stored in liquid nitrogen after surgery. Written informed consent was obtained for use of the tissues. The study was approved by the Central Southern University Ethics Committee.
qrT-Pcr
Trizol reagent (Thermo Fisher Scientific) was used to isolate total RNA. RNA was then reverse-transcribed to cDNA using a Reverse Transcriptase Kit (Funeng). MiRNA was tested by qRT-PCR using an ABI 7300 Sequence Detector (Thermo Fisher Scientific) with SYBR Green PCR Master Mix (Bio-Rad, Hercules, CA, USA). PCR parameters were as follows: 95°C for 3 min, 40 cycles of 95°C for 10 s, and 58°C for 30 s. The relative expression level was calculated using the delta delta Ct method. Reverse-transcribed primer and real-time primers for miR-1247 and U6 were obtained from Funeng (HmiRQP3407 and HmiRQP9001). The realtime primer sequences were as follows: STMN1 (sense: 5′-GAGAAACGAGAGCACGAGAAAG-3′, antisense: 5′-GTTCTTCCGCACTTCTTCAATG-3′), β-actin (sense: 5′-AGGGGCCGGACTCGTCATACT-3′, antisense: 5′-GGCGGCACCACCATGTACCCT-3′).
Western blot
The Bradford protein assay kit (P200B; Auragene Company, Changsha, People's Republic of China) was used to confirm the protein concentration. Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis before being transferred onto polyvinylfluoride membranes. Then the membranes were incubated with anti-STMN1 antibody (1:500, SC-55531; Santa Cruz Biotechnology Inc., Dallas, TX, USA) at 4°C overnight and then incubated in the corresponding secondary antibody preparation for 1 h at room temperature. Bands were detected with the ECL detection kit (P001WB-1; Auragene). The blots were reported with β-actin.
Proliferation and clonogenic assays
Each well in 96-well plates was seeded with 5,000 cells. At 24, 48 , and 72 h after culture, cell proliferation was detected by MTT assays using a microplate reader at 570 nm wavelength.
Six-well plates had 300 cells per well seeded in adherent conditions. After 14 days of culture, colonies were fixed for 
cell-cycle analysis
Cells were fixed in 70% ethanol for 1 h (or until analysis) at 4°C. Phosphate-buffered saline was then used to wash the fixed cells. The Cell Cycle Detection Kit (KeyGEN, Nanjing, People's Republic of China) was used for cell-cycle analysis according to the manufacturer's instructions.
invasion assay
Transwell chambers (8-μm pore size; Costar, Cambridge, MA, USA) were used to measure cell invasion ability. First, the top chamber was plated with Matrigel (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and incubated at 37°C for 4 h. Then cells (5×10 5 per well, 200 μL) were added into the top chamber and complete medium into the bottom chambers. After 48 h of incubation, cells on the upper surface were removed by a wet cotton swab. Cells on the lower surface of the membrane were fixed and stained with crystal violet and examined under a microscope. The membranes were dissolved with 10% acetic acid, and absorbance values were detected by a microplate reader at 570 nm wavelength. Each assay was independently performed three times.
Wound healing assay
For this assay, 5×10 5 cells were seeded into six-well plates and incubated for 24 h in serum-free RPMI-1640 before wounding. A 10 μL pipette tip was used to create a wound across the diameter of the well. Cell migration across the wound surface was then assessed by microscopy after 48 h. Images were captured under ×200 magnification (AE31, Motic). Photoshop CS3 was used to measure the distance between the edges of the wound.
Dual luciferase reporter gene assay
To assay the transcriptional activity of the STMN1 gene with miR-1247, 24,000 cells were seeded in 24-well plates. The plasmid STMN1-3′UTR-psi-CHECK2/Mut STMN1-3′UTR-psi-CHECK2 (Auragene Company) with or without miR-1247 mimics/inhibitor/NC (Funeng) were transfected with Lipofectamine 2000 (Thermo Fisher Scientific). Luciferase activity was measured and quantified using a luminometer with the DualLuciferase Reporter Assay System (E1910, Promega Corporation, Fitchburg, WI, USA). The experiments were performed in triplicate. The results are expressed as the means of the ratio between the firefly and Renilla luciferase activities.
Methylation-specific PCR
EZ DNA Methylation-Gold™ Kit (Zymo Research, Irvine, CA, USA) was used to modify genomic DNA, and MSP was used to detect the methylation level of miR-1247 in cells and tissues. PCR amplification was performed with HotStar Taq Polymerase (Qiagen, Hilden, Germany) and consisted of initial incubation at 94°C for 4 min, followed by 34 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, followed by one cycle at 72°C for 5 min. PCR products were electrophoresed in 3% agarose gels and then visualized by ultraviolet illumination. The miR-1247 MSp primers were (forward) 5′-TTGTTTTTTATTTCGGGAACGTCGA and (reverse) 5′-ATACGCACTTAACGCGTCCGAACG. The miR-1247 unMSp primers were (forward) 5′-GTTGTT TTTTATTTTGGGAATGTTGA and (reverse) 5′-AAAAA TACACACTTAACACATCCAAACACC.
statistical analysis
All statistical analyses were performed using SPSS 17.0 software. The data were presented as mean ± standard deviation (SD) of three independent experiments and compared using a Student's t-test and one-way analysis of variance. A P-value of ,0.05 was considered to be statistically significant and indicated by *.
Results
Mir-1247 is epigenetically downregulated by Dna methylation in nsclc tissues and cell lines
To examine the correlation between DNA methylation level and miR-1247 expression, MSP was used to assess the level of methylation of miR-1247, and qRT-PCR was used to assess the expression of miR-1247 in NSCLC tissues and cell lines. It was found that miR-1247 in NSCLC tissues was more highly methylated, while in normal tissues it was unmethylated ( Figure 1A ). MiR-1247 was more dramatically silenced in NSCLC tissues than in adjacent tissues ( Figure 1B) , indicating that DNA methylation was negatively correlated with the expression of miR-1247. The same result was found in NSCLC cell lines. MiR-1247 in H1299, H460, and A549 cell lines was hypermethylated compared with HBE cells, which were not methylated ( Figure 1C) . Moreover, the expression of miR-1247 in NSCLC cells (A549, H460, and H1299) was dramatically lower compared with normal cells (HBE), an effect that was reversed by 5-Aza treatment ( Figure 1D ). These results confirm that miR-1247 was decreased by DNA methylation in NSCLC tissues and cell lines.
Next, the relationship between DNA methylation and expression of STMN1 in NSCLC cells was determined by submit your manuscript | www.dovepress.com
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Zhang et al using qRT-PCR assay. The STMN1 mRNA levels were upregulated in NSCLC cells compared with normal HBE cells, while the levels were significantly restored by 5-Aza ( Figure 1E ). STMN1 protein levels were measured by Western blot in NSCLC, and normal cells were similarly found to have dramatically higher expression in NSCLC cells than in HBE cells ( Figure 1F ). In summary, miR-1247 was downregulated in NSCLC, while STMN1 was upregulated. DNA hypermethylation inhibited the expression of miR-1247 and resulted in high expression of STMN1, an effect that could be reversed by 5-Aza.
Upregulation of mir-1247 inhibited cell proliferation and invasion in a549 and h1299 cells
MiR-1247 mimics were used to establish gain-of-function models, and the overexpression efficiency was confirmed by qRT-PCR assay (Figure 2A) . Additionally, the effects on cell proliferation of A549 and H1299 cells of miR-1247 upregulation either by transfection or by demethylation treatment were examined by MTT and clone formation assays. MTT results showed that overexpression of miR-1247 resulted in a significant decrease in cell growth of NSCLC cell lines (A549 and H1299), and demethylation treatment also led to a significant decrease in the proliferation of A549 ( Figure 2B ) and H1299 cells ( Figure 2C ). From the colony formation assay, it was found that overexpression of miR-1247 and demethylation significantly inhibited the viability of A549 and H1299 cells, which formed fewer and smaller clones ( Figure 2D ). These findings suggest that 5-Aza dramatically increased the expression of miR-1247, which then suppressed the proliferation of NSCLC cells in vitro.
The effect of miR-1247 on cell invasion was detected by a transwell assay ( Figure 2E ). The invasion ability of cells was dramatically decreased when miR-1247 was overexpressed and demethylated compared with control groups. These data indicate that miR-1247 has a vital role in reducing the growth Overexpression of mir-1247 inhibited cell migration and promoted g1/s phase cell-cycle arrest in a549 and h1299 cells
To test whether miR-1247 had a functional effect on cell migration, a wound healing assay was performed. Upregulation of miR-1247 markedly reduced the migration of A549 ( Figure 3A ) and H1299 ( Figure 3B ) cells. Similar results were obtained when cells were treated with 5-Aza, demonstrating that miR-1247 inhibited effective migration.
Furthermore, to measure whether miR-1247 had a functional effect on cell-cycle arrest, a flow cytometry assay was performed. MiR-1247 overexpression significantly accelerated cell-cycle arrest at the G1/S phase in A549 and H1299 cells. Similar results were obtained when cells were treated with 5-AZa ( Figure 3C) . These data also demonstrate that upregulation of miR-1247 by demethylation treatment Mir-1247 directly targeted sTMn1 and downregulated its expression in a549 and h1299 cells
As described earlier, it was found that the expression of STMN1 was corrected with hypomethylated miR-1247. In addition, a bioinformatics tool (microRNA.org-Targets and Expression) was used to predict the target for miR-1247 and found that STMN1 was such a target. Therefore, to confirm the regulatory role of miR-1247 on STMN1, a luciferase assay was utilized to detect the interactions between miR-1247 and the putative miR-1247-binding sites on 3′UTR of the STMN1 gene. Overexpression of miR-1247 inhibited luciferase activity by combining with the STMN1-3′-UTR segment in both A549 and H1299 cells ( Figure 4A ). No change was observed in the luciferase reporter activity when the cells were transfected with anti-miR-1247 or controls.
To further investigate the regulatory effect of miR-1247 on STMN1 expression, qRT-PCR and Western blot were performed with miR-1247 overexpressed or silenced in A549 and H1299 cells. As predicted, overexpression of miR-1247 significantly repressed STMN1 mRNA and protein levels compared with control groups (Figure 4B-E) . By comparison, downregulation of miR-1247 in A549 ( Figure 4B , C, and E) and H1299 ( Figure 4B , D, and E) cells led to a moderate increase in the STMN1 mRNA and protein levels. This demonstrated that STMN1 was a direct target of miR-1247 in A549 and H1299 cells.
Mir-1247 inhibition accelerates the effects of sTMn1 on cell invasion STMN1 protein expression was assessed ( Figure 5 ) when STMN1 was overexpressed with or without miR-1247. Western blot results showed that miR-1247 inhibited STMN1 expression when both miR-1247 and STMN1 were overexpressed ( Figure 5A ).
Transwell and wound scratch assays were performed to evaluate the function of STMN1 as a target gene of miR-1247 by evaluating the influence of miR-1247 on the invasion and migration efficiency of NSCLC cells. Overexpression of STMN1 significantly increased cell invasion, which was dramatically rescued by overexpression of miR-1247 in A549 
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Zhang et al ( Figure 5B ) and H1299 ( Figure 5B ) cells. Moreover, STMN1 overexpression dramatically promoted cell wound closure in A549 ( Figure 6A ) and H1299 ( Figure 6B ) cells. MiR-1247 significantly inhibited wound closure compared with STMN1 overexpression. These results suggest that miR-1247 rescues A549 and H1299 cells from the accelerating effect of STMN1 on migration and invasion. Flow cytometry assay was used to evaluate whether miR-1247 regulates cell cycle through targeting of STMN1. The cell cycle was profoundly arrested at the G1/S phase after miR-1247 overexpression, an effect that was dramatically reversed by STMN1 overexpression in A549 and H1299 cells. STMN1 overexpression accelerated the cell cycle at G1/S phase ( Figure 5C ). These results suggested that miR-1247 rescued the STMN1-induced promotion of migration and invasion in A549 and H1299 cells by inhibiting the cell cycle by G1/S phase arrest.
Discussion
An increasing number of studies have been proved that aberrant expression of miRNAs is related to the progression of various cancers. [25] [26] [27] [28] Deng et al found that miR-1247 was downregulated in lung squamous cell carcinoma tissue samples compared with normal tissues by a chip detection assay. 14 Moreover, a functional role of miR-1247 has been found in a number of cancers, including prostate cancer, 12 osteoblasts from osteosarcoma, 11 and pancreatic cancer. 28 In addition, dysregulation of miR-1247 was associated with cancer invasion. However, miR-1247 involvement in NSCLC has not been studied. In this report, miR-1247 levels have for the first time been confirmed to be lower in human NSCLC tissues and cell lines than in normal controls. The upregulation of miR-1247 significantly promoted cell apoptosis by blocking the cell cycle at the G1/S phase. In addition, it was found that miR-1247 inhibited cell invasion and migration by targeting STMN1 in NSCLC cell lines.
The effects of miRNAs on cancer progression also depend on the function of the downstream targets that they suppress. 29 Therefore, the targets of each miRNA need to be identified. A previous study had reported that STMN1 was a potential prognostic marker for patients with NSCLC, with overexpression of STMN1 shown to promote cell proliferation and invasion in NSCLC. 15 Overexpression of STMN1 has been reported in patients with NSCLC resistant to paclitaxel treatment. 30 In this research, STMN1 was predicted as a target gene of miR-1247 with bioinformatics methods. Moreover, the data showed that miR-1247 upregulation significantly decreased the dual luciferase activity of the 3′-UTR sequence of STMN1. Overexpression of miR-1247 was associated with a decrease in STMN1 expression in NSCLC cells. These results confirmed that STMN1 is a target gene of miR-1247.
Most importantly, the study showed that miR-1247 can rescue the effect on NSCLC cells of STMN1 on the acceleration of migration and invasion. These results indicate that miR-1247 suppressed cancer cell progression by targeting STMN1 in NSCLC cells.
DNA methylation is the main epigenetic event in human. The expression levels of miRNA and genes are frequently silenced by DNA methylation, which plays an important role in tumorigenesis. [31] [32] [33] The hypermethylation of miR-1247 was
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Zhang et al first found to be associated with EMT and can be a prognostic indicator in ulcerative colitis. Is miR-1247 methylated in lung cancer? Does the level of miR-1247 methylation affect its expression? These questions are still unknown. Therefore, the expression of miR-1247 and STMN1 in normal and NSCLC cells treated with 5-aza deoxycytidine 5-Aza was tested. And it was confirmed that miR-1247 levels were significantly increased in NSCLC cells that were exposed to 5-Aza. On the contrary, STMN1 was dramatically silenced in NSCLC cells under such demethylation treatment. These results demonstrate that the expressions of miR-1247 and STMN1 are regulated by DNA methylation. Furthermore, inhibiting methylation enhanced miR-1247 expression in NSCLC cells, accounting for dramatic inhibitory effects on cell migration and invasion. Based on these findings, the methylation status of miR-1247 may serve as a potential biomarker in NSCLC. This study did not investigate the mechanism by which miR-1247 affects NSCLC cell proliferation, but the observed effects on cell motility and invasion might be influenced to some extent by changes in cell proliferation.
Conclusion
MiR-1247 was silenced by DNA methylation and negatively associated with STMN1 expression in vitro. Moreover, miR-1247 promoted cell apoptosis and restrained cell migration and invasion ability by targeting STMN1 in NSCLC cells. In addition, these effects of miR-1247 may indicate that STMN1 is a potential target gene for diagnosis and treatment of NSCLC.
